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Principles of intracellular protein degradation remain among the most challenging questions in cell biology.
Here, we discuss Wang and colleagues’ crystal structure elucidation of the intermediate domain of Mpa,
a regulatory particle of Mtb proteasome, the core proteolytic machinery of Mycobacterium tuberculosis.The strictly regulated degradation of
proteins in eukaryotes is performed by
the ubiquitin-proteasome pathway, which
plays an intrinsic role in many intracellular
functions. To maintain this uncompro-
mising regulation of eukaryotic protein
degradation, the substrate proteins of
interest are tagged by means of a series
of ligases, with a 76-residue protein
named ubiquitin. To mark the protein of
interest for degradation, ubiquitin mole-
cules have to be sequentially bound to
form a polyubiquitin chain (Hershko and
Ciechanover, 1986). The heart of this non-
lysosomal protein degradation pathway is
a highly complex hydrolyzing machinery,
known as the 26S proteasome. Thismulti-
functional enzymatic complex is com-
posed of a 20S proteasome core particle
(CP), with a molecular mass of approxi-
mately 700,000 Da, and two regulatory
particles (RP), the 19S caps. The CP
imbeds its hydrolytic sites in a refined
cylindrical structure composed of differ-
ent a and b subunits arranged in an a1-7
b1-7b1-7a1-7-stoichiometry, whereas the
19S cap is composed of a base and
a lid subcomplex. The base is mainly
composed of six distinct AAA+-ATPase
subunits, among others, involved in theunfolding and translocation of protein
substrates, while the lid, a complex of at
least eight non-ATPase subunits, is impli-
cated in the recognition and ubiquitin tag
removal (Voges et al., 1999). It is not
surprising therefore that both CP and RP
were compelled to evolve synergistically,
as the CP itself is a very unspecific
protease that needs a strict regulation.
Proteasome-mediated protein degra-
dation was initially considered to be a
eukaryote-exclusive process as prokary-
otes do not express ubiquitin. However,
an interesting link between prokaryotic
and eukaryotic protein degradation path-
ways arose with the identification of
HslVU, an operon in Escherichia coli.
HslVU is composed of: (1) HslV, a proteo-
lytic homo-oligomeric ring system, in
which the subunit shares 20% sequence
similarity as well as a conserved topology
with proteasomal active b-type subunits;
and (2) HslU acting as the
ATP-dependent regulatory particle. Nota-
bly, ATP-dependent proteases from pro-
karyotes and eukaryotes have hexameric
ring structures and seem to operate along
similar principles, despite the lack of ubiq-
uitin in the prokaryotic system. It was then
shown that prokaryotes replace ubiquitin
with a defined linker peptide as their
specific labeling tag for selective protein
degradation (Keiler et al., 1996). Precise
ATP-dependent protein destruction there-
fore appears to be a common principle
among all three kingdoms of life, with
prokaryotes holding amuch simpler archi-
tecture in both CP and RP.
Figure 1. Location of the Different Domains in the Protein Sequence of HsIU (E. coli), PAN
(M. jannaschii), and Mpa (M. tuberculosis)Structure 17, October 14, 2009 ª2009 Elsevier Ltd All rights reserved 1279
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losis (Mtb), an actinomyceta-
ceae Gram-positive bacte-
rium first discovered in 1882,
is estimated to have caused
1.8 million deaths in 2007;
the annual mortality number
continues to rise. This deadly
pathogen was recently re-
ported to contain an ubiqui-
tin-like proteasome pathway
that plays an essential role in
protecting the microbe from
the damaging effect of nitric
oxide produced by phagoly-
sosome during the host
immune response (Darwin
et al., 2003). It is therefore
not surprising that a further
understanding of the protea-
some complex of this bacte-
rium is considered a highly
interesting area of active
research for drug develop-
ment. In this issue of Struc-
ture, Wang et al. (2009) have not only suc-
ceeded in showing the direct binding of
Mpa, an Mtb regulatory complex, to Mtb
CP by the analysis of negatively stained
electron micrographs, but also managed
to determine the crystal structure of the
inter domain of Mpa (Mpa-ID), a region
between the N-terminal coiled coil and
the C-terminal ATPase domain. These
findings can be related in a number of
ways with the recent structural and func-
tional elucidation of the intermediate
domain of the archaeal proteasome-acti-
vating nucleotidase (PAN) (Djuranovic
et al., 2009; Zhang et al., 2009a, 2009b).
As shown in Figure 1 and mentioned
above, proteasomal ATPases are con-
served through evolution, generally start-
ing with an N-terminal coiled coil followed
by an oligonucleotide/oligosaccharide-
binding (OB), anATPase, and aC-domain.
Interestingly, HslU contains a split ATPase
domain, thus imbedding the coiled coil
within (Bochtler et al., 2000), while PAN
and Mpa both contain a linker segment
between the OB and the ATPase domain,
which is absent in HslU.
Wang et al. (2009) reveal that the inter
domain Mpa-ID in Mtb exhibits a double
OB-domain motif, has an ability to self-oli-
gomerize, and is responsible for the
ATPase’s structural integrity (Figure 2).
The overall architecture of Mpa-ID is
composed of two stacked donut-shaped
homo-hexameric rings,whereeachmono-
mer contains two five-stranded b barrel
subdomains (bB) that adopt an OB-fold
(Murzin, 1993). Its crystal structure shows
that the two hexamers differ in their inter-
molecular interactions, suggesting that
the second OB-fold has a stability-based
role, while the first haxameric ring is more
flexible and presumably involved in sub-
strate recognition. Structure-based func-
tional mutagenesis disrupting the interac-
tions between the OB2-fold abolished
hexamerization of the complex (Wang
et al., 2009).
A similar OB-fold has recently been
described in PAN, where the authors
managed to separately elucidate the
crystal structures of the nominated sub-
complex I and subcomplex II. Subcom-
plex I encloses the N-terminal coiled coil
as well as the OB-domain and forms
hexamers (Djuranovic et al., 2009; Zhang
et al., 2009a), whereas subcomplex II is
monomeric and contains the ATPase and
the C-terminal domain (Zhang et al.,
2009b). Interestingly, OB-folds in both
Mpa and PAN give the ATPases a highly
stable architecture, thus being essential
in both structures. Since the OB-fold
seems tobeaunique feature in all nonalos-
terically regulated proteasomal ATPases,
it is absent in HslU. Needless to say, there
are many other proteins of unrelated
functions containing the OB-fold, which
are highly stable and mainly
involved in substrate recogni-
tion (Arcus, 2002); however,
in proteasomal ATPases, the
stability might be essential
for the mechanistic force ex-
creted by the AAA+ ATPases-
domain when unfolding the
substrate protein through the
open pore of the ATPase.
Another common feature
amongAAA+-ATPasesdomain
is a short conserved segment
located at the center of the
ATPase channel with an aro-
matic residue followed by a
hydrophobic one, defined as
the ArF-loop (Martin et al.,
2008). This loop is composed
of three amino acids, with
both a hydrophobic and aro-
matic residues conserved in
PAN and Mpa (FXG) as well
as in HslU (YVG). This seems
to be an indication of a shared
principle of unfolding and translocation
among AAA+-ATPase. The donut-like
hexamer of the ATPase pore forms a fun-
nel-like structure, making the ArF-loop
its last checkpoint and a plausible rate-
limiting step for the unfolded substrate
accessibility into the CP.
The recent results on Mpa and PAN
indicate that prokaryotic and eukaryotic
regulatory particles share many key
features of their structure and function
with the eukaryotic 19S cap, even though
they have a higher degree of architectural
simplicity. Furthermore, the insights into
the structure and function of Mpa, pre-
sented by Wang et al. (2009), shed
additional light on our understanding of
Mycobacterium tuberculosis, providing
valuable information as the prokaryotic
proteasome is currently being targeted
for the development of antituberculosis
agents (Lin et al., 2009). Nonetheless, the
challenge to understand the structure
and function ofMpa inmoredetail remains
open and the report by Wang et al. (2009)
paves the way for future investigation.
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Figure 2. Details of Mpa OB Domain Structure and Mpa-ID Domain
Subunit Organization
(A) Top: ribbon plot of the Mt_OB2-fold shown in green. Bottom: structural
superposition of Mt_OB1 (green), Mt_OB2 (dark green) and Mj_Sub I (blue).
(B) Ribbon plot of the hexamericMpa-ID domain. One subunit ofMpa-ID is dis-
played according to the color code used in Figure 1, whereas one subunit of
subcomplex I from M. jannaschii (OB-domain colored in blue; coiled coil
colored in pink) is structurally superimposed on the Mt_OB2-domain (Zhang
et al., 2009a; Wang et al., 2009).1280 Structure 17, October 14, 2009 ª2009 Elsevier Ltd All rights reserved
Structure
PreviewsDarwin, K.H., Ehrt, S., Gutierrez-Ramos, J.C.,
Weich, N., and Nathan, C.F. (2003). Science 302,
1963–1966.
Djuranovic, S., Hartmann, M.D., Habeck, M.,
Ursinus, A., Zwickl, P., Martin, J., Lupas, A.N.,
and Zeth, K. (2009). Mol. Cell 34, 580–590.
Hershko, A., and Ciechanover, A. (1986). Prog.
Nucleic Acid Res. Mol. Biol. 33, 19–56.
Keiler, K.C., Waller, P., and Sauer, R. (1996).
Science 271, 990–993.Lin, G., Li, D., de Carvalho, L.P., Deng, H., Tao, H.,
Vogt, G., Wu, K., Schneider, J., Chidawanyika, T.,
Warren, J.D., et al. (2009). Nature, in press. Pub-
lished online September 16, 2009. 10.1038/
nature08357.
Martin, A., Baker, T.A., and Sauer, R.T. (2008). Nat.
Struct. Mol. Biol. 15, 1147–1151.
Murzin, A.G. (1993). EMBO J. 12, 861–867.
Voges, D., Zwickl, P., and Baumeister, W. (1999).
Annu. Rev. Biochem. 68, 1015–1068.Structure 17, October 14, 2009Wang, T., Li, H., Lin, G., Tang, C., Li, D., Nathan, C.,
Darwin, K.H., and Li, H. (2009). Structure 17, this
issue, 1377–1385.
Zhang, F., Hu, M., Tian, G., Zhang, P., Finley, D.,
Jeffrey, P.D., and Shi, Y. (2009a). Mol. Cell 34,
473–484.
Zhang, F., Wu, Z., Zhang, P., Tian, G., Finley, D.,
and Shi, Y. (2009b). Mol. Cell 34, 485–496.ª2009 Elsevier Ltd All rights reserved 1281
